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Laser-ablated Sc and Ti atoms have been reacted with NO during condensation in excess argon. Matrix
infrared spectra show that the major products are the side-bonded Sc[NO] species and the inserted NScO and
NTiO molecules based on isotopic substitutidiN{®O and '®N*80) and DFT calculations of isotopic
frequencies, which provide a match for two modes in three isotopic modifications for each molecule. The
NScO and NTiO molecules are nitride/oxides with—-I@ stretching modes only 488 cnt! below the

diatomic metal oxides but MN stretching modes 314442 cnt?! lower than the diatomic metal nitride
molecules. The ScN, ScO and TiN, TiO molecules are observed as decomposition products. Evidence is also
presented for the nitrosyls ScNO and TiNO, the Sc[N@ation, and the NTiO anion.

Introduction Sc+ NO experiments, while an APD Cryogenics closed-cycle
refrigerator was used to hold the window at& K for the Ti
+ NO experiments. All absolute temperatures were measured
rpy a Au/Co versus chromel thermocouple. Vapor phase scan-
dium and titanium atoms were produced by focusing the 1064
nm fundamental of a Q-switched Spectra Physics Quanta Ray
DCR-11 Nd:YAG laser onto scandium and titanium metal
targets. The laser pulse duration was set at 10 ns, and the laser
power at the target was varied between 5 and 40 mJ/pulse with
a 10 Hz repetition rate. The scandium (Johnson-Matthey, lump,
99.9%) and titanium (Goodfellow Metals, lump, 99.99%) metal
targets were mounted on a rotating (1 rpm) metal rod to avoid
laser pitting of the target surface. The nitric oxide samples were
repared manometrically in molar ratios ranging from Ar/NO
00:1 to 1000:1 in order to evaluate the effect of nitric oxide
concentration on the formation of products. Isotopically mixed
samples (2000:1:1 and 400:1*INO/SNO, 1SNO/5N'80 and
4000:1:1:1:1 NO/NEO/*SNO/*®N180) were also examined. The
average codeposition process lasted?21h with the gas spray
on rate varying between 3 and 5 mmol/h. Infrared spectra were
recorded on either a Nicolet 750 or a Nicolet 550 spectrometer
operating with a spectral resolution of 0.5 chand a frequency
accuracy of 0.1 cmt. Spectra were collected at the end of each
deposition and before and after annealings or photolyses.
Typically, each matrix was annealed quickly to 25, 35, and 40
K. Broad-band mercury arc photolysis using a medium-pressure
mercury arc lamp (Philips H39KB, 175 W) with the globe
removed (246-580 nm) was performed to evaluate the photo-
sensitivity of different product species and to aid in spectral

For decades, nitric oxide has played a role in traditional
coordination chemistr{? Along with carbon monoxide, NO
has been used as a probe to study the chemistry of coordinatio
complexes by providing a relatively simple ligand that can adopt
several coordination geometries and significantly alter the
electronic properties of the transition metal center to which it
is bound. Careful analysis of these nitrosyl species has led
directly to the current understanding of the bonding in traditional
transition metal and organometallic complekés/ore recently,

NO has been found to play crucial roles in many other chemical
systems that have significant biological and environmental
implications. In biological systems, NO is well-known to bind
to metalloproteins as a protective step in defense against syste
toxins45 In addition, NO has been implicated as an important
messenger molecule in common brain functions. The environ-
mental aspects of NO chemistry are in no way less crucial to
biological systems. Since NO is a byproduct of the combustion
of fossil fuels, a complete understanding of its gas phase and
atmospheric chemistry is of capital importance in our modern,
industrially driven society; therefore, the reactions of NO with
transition metals (as found in some smogs) may provide new
information by which pollution of this type can be catalytically
removect To gain a better understanding of the reactions of
gas-phase transition metals with NO, we have undertaken
experiments designed to investigate the products of reactions
of NO with laser-ablated transition metals. The current study
focuses on the products of the scandium and titanium reactions
with NO. Previous studies from this laboratory have explored

the analogous vanadium and chromium reactfohs. Interpretation.
Experimenta| Section Computational Methods

The vacuum system and cryogenic cell geometry for Nd:YAG  Density functional theory calculations on suspected product
laser ablation has been described in detail previotEhhe species were carried out using the Gaussian94 suite of pro-
Csl spectroscopic window was maintained at-12 K by a grams!! The BP86 functionaf was used throughout, and the

CTI Cryogenics Model 22 cryocooler for the majority of the general methods employed for both scandium and titanium
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Figure 1. Infrared spectra of laser-ablated Sc atoms co-deposited with NO (0.4%) in argon®2 Kt (a) for 1 h; (b) after annealing to 25 K;
(c) after broad-band photolysis; (d) after annealing to 30 K; (e) after annealing to 35 K.

systems were consistent with those employed for the previousspecies31418.1%0mitted from the tables are absorptions due to

investigations of the scandium oxides and nitri&fes Briefly, NO, (NO), NO;, NoO, (NO)™, (NO),~, and NQ~ that are
the 6-3H-G* basis set was used for nitrogen and oxyégeand common to laser-ablation experiments with NO and transition
the titanium and scandium sets were the (14s9p5d) set of metals’-820

Watchers contracted to (8s4p3@)In addition, the s and p In addition, an experiment was done for each metal and NO

spaces are contracted using contraction number 3, while the d(0.4%) in argon doped with C&{0.05%) to serve as an electron
space is contracted (311). To the Sc basis set is added ongrap2! These experiments gave the same primary NO reaction
diffuse p function with exponent 0.13462; this is the tight product absorptions and photolysis behavior plus weak; CCl
function optimized by Wachters multiplied by 1.5. The second, product band®23and enhanced (N@) absorptions relative to
more diffuse, p function is not included, as it was found to affect (NO),~ bands? In addition, the 1117.0 and 976.3 cibands
results very slightly, but introduced severe convergence prob-jn Sc experiments were favored with GGldded, but no Ti

lems to the orbital optimization procedure. The Hay diffuse d product absorption was enhanced. Unfortunately, the 7843 cm
function with exponent 0.0588 is also addédA similar Ti-product band was masked by GCI

procedure is followed for Ti, thia p function ad a d function Density functional theory (DFT) calculations have been com-
are added, with exponents of 0.15234 and 0.0720, respectwely.meted for anticipated products of the scandium and titanium
atom containing reactions with NO. The calculated relative ener-
gies, geometric parameters, and harmonic vibrational frequencies
Reaction of laser-ablated scandium and titanium atoms with (not scaled) are given in Tables 3 and 4 for ScCNO and TiNO
nitric oxide were examined with a range of laser energies, nitric species. Three isomers are possible: the side-bonded Sc[NO],
oxide concentrations, and isotopic modifications. Infrared spectrathe end-bonded nitrosyl ScCNO, and the inserted molecule NScO.
in the metal nitrosyl N-O and metal-nitride/oxide stretching  Our DFT calculations find two ring statéa’ and3A" that have
regions for the products of laser-ablated scandium atoms reactinghe same energy (within 0.06 kcal/mol); the bent inserted
with NO in excess argon are presented in Figure 1 with isotopic molecule NScO is 8.5 kcal/mol higher and the linear ScNO
modifications in Figures 2 and 3, while the associated spectranitrosyl is 9.8 kcal/mol higher than the global minimum. In
for the titanium/nitric oxide reactions are shown in Figures 4 contrast for Ti+ NO, the inserted NTiO molecule is by far the
and 5. The product absorptions are listed in Tables 1 and 2, most stable isomer; ti&\' ring Ti[NO] is 20.8 kcal/mol higher,
which include bands for scandium and titanium oxide and nitride the A" ring is +24.7 kcal/mol, and théZ nitrosyl TiNO is

Results



Reaction Products of Laser Ablated Sc and Ti

0.360

0.350

0.340

0.330

0.320

[NO]ScNO

0.184

0.180

0.176

J. Phys. Chem. A, Vol. 103, No. 8, 1999117

1.007]

0.90

0.80

Me)

M\0172 0.701
0.310
0.168 0.60]
8 0300 \\A\w)
s @
2 0200 0.164 0.50
< NScO
0.280 0.160 0.40]
W w
0.270 | ]
©
V‘V 0.156 0.301
0.260 14 Sc[NO]
0.152 > N\ Se’N
0.250] ' 00| MM ®
+
(NO): ScO*
NO, Sc[NO1* 1 ScO
0.240 0.148
\ OJO_M%
ScNO
0.230 ¢ @
1650 1600 1550 1120 1100 " 1000 900 800

Wavenumbers (cm-1) Wavenumbers (cm-1) Wavenumbers (cm-1)

Figure 2. Infrared spectra of laser-ablated Sc atoms co-deposited D (0.2%) and>NO (0.2%) in argon at 1212 K: (a) for 1 h; (b) after
annealing to 25 K; (c) after broad-band photolysis; (d) after annealing to 30 K; (e) after annealing to 35 K.

36.5 kcal/mol higher than the global minimum. The final handle and reasonable species can be predicted and henceforth
possible forms ScON and TiON were found to optimize to the identified spectroscopically. Close scrutiny of the-$t and
more stable cyclic isomers. Sc—-0 stretching regions of the infrared spectra of the matrixes
An extensive series of calculations was done for products of formed by the co-deposition of laser ablated Sc atoms and NO
the Ti + (NO), reaction to help identify reaction products as diluted in argon provide evidence for two sets of bands that are
well as complexes. The results are summarized in Table 5 alongproduced by species having one oxygen and one nitrogen atom
with calculations for Sc(NQ)complexes. in their structure. The first set of absorptions is marked by an
intense band at 909.5 crh which is observed on initial
deposition and can be correlated with a weaker band at 471.1
cm~! on the basis of annealing and photolytic behavior. In
reactions with a mixture dfN60/*5N16Q, the higher frequency
band broadens and red shifts slightly to 909.3 &mvhile the
lower frequency mode splits into a doublet (474469.3 cnT?)
(Figure 2), indicating that the latter arises from the vibration of
a single nitrogen atom. Co-deposition of Sc atoms with a mixture
of 15N160/5N180 produces infrared spectra where the higher
frequency mode appears as a doublet at 99871.5 cn1?,

Discussion

The above product absorptions will be assigned on the basis
of isotopic shifts and splittings as well as by analogy with
density functional theory calculations on suspected product
molecules.

NScO and Sc[NQ].In a previous experimental study of the
reactions of laser-ablated scandium metal with molecular
oxygen?? the primary reaction product, OScO, was formed by

the direct insertion of the metal atom into the-O bond HEHUE ' - - g
(although the 722.5 cr band first identified as OScO turns indicating the vibration of a single S®© bond, while the lower

out to be the electron-capture product (OSc@hion)?* In frequency mode exhibits very little oxygen dependence by red
contrast to the dioxygen study, the reactions of scandium with shifting only slightly to 459.2 cm* (Figure 3). Observation of
dinitrogen yield as the primary nitride product (SeNyhich these bands on deposition with very low laser power is consistent
was produced by way of a two-step mechanism involving with a single Sc atom. These observations substantiate the
association of a second Sc atom to the side bound pc[Nere stoichiometry ScNO; however, whether these spectral features
was no evidence of the direct insertion of a single Sc atom into are due to the direct insertion product, NScO, or the triangle
the dinitrogen molecule triple bordd From this set of previous ~ Sc[NO], i.e., the side-bonded Sg?-NO complex, can only be
results, it is difficult to predict the primary product (products) elucidated by quantum chemical calculations, as will be outlined
of the NO system; however, DFT calculations provide a useful below.
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Figure 3. Infrared spectra of laser-ablated Sc atoms co-deposited"#tfO (0.05%) and®N*80 (0.3%) in argon at #8 K: (a) for 1 h; (b) after
annealing to 25 K; (c) after broad-band photolysis; (d) after annealing to 30 K; (e) after annealing to 35 K.

The second set of bands in this region to exhibit the vibrations reproduces the observed vibrational mechanics exceptionally
of a molecule with the ScNO stoichiometry occurs at 865.5cm  well. The calculated normal modes at 885.37éni14/15 =
(with a site splitting at 862.0 cm) and 644.1 cm®. In the 1.013 77 and 16/18= 1.021 16) and 641.3 cm (14/15=
UNO/MSNO experiments, the higher frequency absorption ap- 1.017 45 and 16/1& 1.023 55) mimic almost exactly the highly
pears as a doublet with counterparts at 865.5 and 8534 cm mixed vibrational mode characteristics of this molecule. Note
(14/15 ratio= 1.014 18) while the lower mode also shows a that although théA’ and3A” states of Sc[NO] have the same
significant nitrogen shift appearing as a doublet located at 644.1 energy, the calculated frequencies for ##¢' state are vastly
and 632.9 cm! (14/15 ratio= 1.017 70). In the mixed oxygen different from the observed spectrum. Finally, the optimized
isotope experiment>N160/5N180, both the higher and lower  BP86 structure for théA’ state of Sc[NO] has a shorter Shl
frequency modes of this set appear as doublets: 8538.9 bond than SeO bond.
and 633.1618.8 cntl. From this information it is apparent Annealing and photolysis behavior of these two band sets
that the two vibrational modes of this species are coupled to aindicate that there is a significant relationship between them.
much greater extent than those giving rise to the first set of On annealing the matrix to 25 K, the features due to Sc[NO]
bands mentioned above. Vibrational mechanics of such a mixedgrow 3-fold, reaction 1, and the bands due to NScO increase
nature are readily attributable to a cyclic structure such as

Sc[NO], while the much more isolated Sbl and Se-O normal Sc+ NO— Sc[NO] (1)

coordinates exhibited by the first set of bands are charasteristic relax

of the open insertion product NScO. Sc+ NO— [NScOJ*—— NScO (2a)
BP86 calculations predict the most intense infrared absorp- decomposeN +5ScO (2b)

tions for the3A" inserted NScO molecule to occur at 913.8

and 459.0 cm?, with 4 to 1 relative intensity, which are in "GL,W0+ ScN (2¢)

very good agreement with the bands observed at 909.5 and 471.1

cm! with 3 to 1 relative intensity. In addition, the DFT Sc[NO]wNScO @)

predicted isotope ratios for the upper (16481.043 99) and

lower (14/15= 1.026 05) modes provide sound evidence that 50 + 10%, reaction 2a, indicating that the formation of these
the first set of bands is due to the NScO insertion product, as species requires little or no activation energy. Since NScO is
these ratios are near ratios for pure-€rand Se-N vibrations, favored on deposition, its formation and decomposition are
respectively. The calculations on tRA’ cyclic species, Sc-  facilitated by the excess kinetic and electronic energies imparted
[NQ], produce stretching frequencies at 885.3 and 641.3'cm by the laser-ablation proce3s.

once again in good agreement with the observed values at 865.5 Photolysis of the matrix with a broad-band mercury arc causes
and 644.1 cm®. As with the insertion product, the calculated the bands due to the insertion product to grow at the expense
potential surface for théA' state of the Sc[NO] molecule of the n?bound complex, reaction 3. Such spectroscopic
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Figure 4. Infrared spectra of laser-ablated Ti atoms co-deposited with NO (0.2%) in argerBak7 (a) for 1 h; (b) after annealing to 25 K; (c)

after broad-band photolysis; (d) after annealing to 36 K.

evidence indicates that Sc[NO] is photolabile toward complete

Note the presence of $© and S&%0 at 954.8 and 915.1

N—O bond cleavage and formation of the stable open insertion cm~1, which arise from the decomposition of [NScO]* before

product.

it can be relaxed by the condensing matrix, reactions 2b and



1120 J. Phys. Chem. A, Vol. 103, No. 8, 1999 Kushto et al.

1.6

ISNTiISO ISNTiIBO

1.5+
1.4+

1.3+

Absorbance

0.6

4ISNTIO %INTIO

0.5
1 OTiN)O
0.4

®Ti
// (@)

1 1 1 ! 1 i

1000 950 900 850 800 750 700
Wavenumbers (cm-1)

0.1

0.0

Figure 5. Infrared spectra of laser-ablated Ti atoms co-deposited with isotopic NO samples in arged ktrécorded after annealing to 34
2 K: (a) 0.2%'N*€0; (b) 0.15%"N*%0 and 0.15%8°N€0O; (c) 0.2%'5N*€0; (d) 0.06%'*N®0O and!>N*0 and 0.04%3*N%0O and!‘N*€0; (e) 0.2%
15N180.

2c. Significantly, the absorptions of 8hl and Sé°N at 913.0 in the Ar/NO matrix experiments is confirmed by the two sharp
and 889.7 cm! are exactly the same frequencies found for the bands at 900.6 and 718.2 cfn These absorptions can be
Sc reaction with nitrogeff. This observation of ScN confirms  grouped to a single molecule by noting their consistent behavior
the matrix identification of the_isolated ScN molecule, as N upon photolysis and annealing (Figure 4) and sample dilution
was not present in these experiments and ¢SbI)l complexes  4yer an order of magnitude. Annealing the matrix to 25 K causes
cannot be formed here. Note from the'8¢and Sé°O product a growth in intensity of these features by a factor of 5, while

band yields in Figure 3 that the ScN decomposition product is . - . .
. . photolysis decreases their intensity by approximately 10%. The
favored over the ScO product (oscillator strengths make this slight growth of TiN, TiO, and Ti@ on 25 K annealing

preference an order of magnitude more for SENY. The
energized [NScOJ* intermediate may have a stronger ScN bond, prompted lower temperature annealing in separate low laser
power experiments. It was found that annealing to 14 K

in contrast to the relaxed NScO product.
NTiO. As with the above scandium example, laser-ablated Produced a 20% increase in both NTiO bands and a 5% increase

titanium also reacts with NO to give the metal insertion product in (NO), without an increase in 3D, Qs TiO, or TiO;

NTiO, which follows the reaction with dioxygen in contrast to absorptions. Hence, we assume that 14 K represents the onset

the reaction with dinitroge#1° The formation of this species  of diffusion of Ti and/or NO in solid argon and that at 14 K the
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TABLE 1: Observed Vibrational Frequencies (cn?) for spectral features to the 0 and Ti=N stretching vibrations
Matrix-isolated Species Produced by Reactions of of the bent NTiO molecule, respectively.
Laser-Ablated Scandium Atoms with Nitric Oxide One means of understanding this interesting NTiO molecule
Diluted in Argon . o . - .
: — — is to compare its interaction with solid argon and neon hosts,
productspecies NO  NONO NO 'NO/NMO N0 and to this end, several neon experiments were performed. The
[NOJScNO 16332 1633.2,1601.8 1601.8 1601.8,1563.7 1563.7 NTiO bands were observed at 914.9 and 731.9%atong with
S&NN%O 19033 15033, 1533.0 1593.0 15330, 11901 1971 a weak 936.5 cmi TiO, band. The argon-to-neon blue shifts
Sc[NOJ 1117.0 1117.0,1100.2 1100.2 1100.2,1069.8 1069.8 oF NTiO (14.3,13.7 cm?) are smaller than the blue shift (20

[NOJSCNO  1067.1 1066.9, 1056.8 1056.7 1056, 1022  1022.1 cm?) for TiO>.

Scor 976.3 976.3 976.3 976.3,935.6 935.6 It is interesting to note that there is no evidence for the
ScOo 954.8 954.8 9548 954.8,915.1 9151  formation of a Ti[NO] complex analogous to that observed in
(NO)ScO 920.6  920.6 920.6  920.6,882.1 8821 yhq geandium experiments. Our BP86 calculations predict this
ScN 913.0 913.0,889.7 889.7 889.7 889.7 : . ; )
NScO 909.5 9093 9091 909.1,871.5 8715 SPecies to have #\' ground state, much like NTiO, but to lie
NScO (NO)  903.2 903.1 903.0 903.0,865.5 8655 20.8 kcal mol higher in energy than the insertion product. These
Sc[NO] 865.5 865.5,853.4 8534 8534,8359 8359 results indicate that unlike the scandium speciesytHeound
SCINO] (site)  862.0 862.0,850.0 ~ 850.0  850.0,832.4 7832-4 titanium product is most likely unstable with respect to direct
23“5825 ;gg:g ;gg:g: ;;2:‘71 ;;2:;‘ ;;2:‘71: ;?3:? 723:2 Ti insertion into the N-O bond. _This postulate is supported by
ScINO] 644.1 644.1,632.9 632.9 633.1,618.8 618.8 the onset of growth on annealing to 14 K and the remarkable
NScO 471.1 471.1,459.3 459.3 4592 459.1 5-fold increase observed in the NTiO bands upon annealing to

25 K in solid argon. This growth is indicative of the absence of
Ti + NO reaction is spontaneous. Further annealings to 16 andany activation barrier to direct Ti insertion into the-}0 bond,
18 K produced an additional 50% increase in both NTIO reaction 4a.

absorptions. ' relax .

In the reactions of Ti with a“N6O/A5N0 mixture, the Ti +NO— [NTiO] NTIO (42)
higher frequency band splits into a very closely spaced doublet decomposeN + Tio (4b)
(900.6-898.2 cn1l), as does the lower frequency mode, but
with a much greater separation (718201.2 cn?) (Figure 5). _decompose \ 1o (4¢)

In the reactions of Ti with &N160/5N180 mixture, very similar ) ) o )

results are recorded with both bands appearing as doublets; !t can be argued that the insertion reaction in the Ti system
898.2-862.9 cmi! and 701.2699.7 cnr?. Figure 5d shows is certainly driven to some extent by the_ strength o_f them
the spectrum with four isotopic precursors: four band pairs were Pond formed refative to the S& bond in the Sc insertion
observed, the three pairs just mentioned and 865.7, 716:6 cm Product. In the Set NO system, the low SeN bond stretching
for the 14N180 reaction. It is evident from the magnitudes of freduency in NScO (471.1 cnf) indicates a very weak SoN

the isotopic splittings given above that the higher frequency bond, while n t_he Ti system, the FN stretching coordlnate
vibration of this species is primarily a FiO stretching oceurs ata5|gn|f|c_:antly h|gher energy (718.2‘é)nThe relative
coordinate while the lower mode is primarily-TN in character. strength of thg PN bpno] in NTIO arises as a result of 'the
The fact that each of the vibrational modes occurs as a doubletSXa electr_on in the titanium system _Iylng almost exclus_l_v(_ely
in each of the mixed isotope experiments indicates that this in the bonding orbitals between the Ti and N atoms stabilizing

. . : . : the open-chain insertion product. In contrast, the electron
i ntain ingle nitrogen an ingle oxygen atom.’, . - ; L
species co ains a single nit ogg and .a S g. yg. . deficient Se-N bond in the Set NO system benefits from the
In addition to the oxygen and nitrogen isotopic substitutions

AR e ) . ; ' delocalized orbitals in the cycliggz-bound, Sc[NO] molecular
the primarily Ti=N vibration of this molecule gives rise to an form, thereby stabilizing this species with respect to NScO.
absorption of sufficient intensity and sharpness to allow for Solme of the energized (NTiO)* first formed decomposes, as
resolution of titanium isotopic splittings. Sharp satellite features ;5 and TiN (TSN and T#0) are observed as minor reacti(;n
at 721.9, 720.0, 716.3, and 714.5 Thabout the very intense

. ! _ ' products, reactions 4b and %&!° This is significant for the
718.2 cnm® band in the Ti+- NO spectra gF'QUfeS;‘ and 5) are  Hssignment of isolated TiN at 1034.1, 1032.4 éfiom N atom
due to TEN _V|brat_|ons of the N_GT'O' N#TTIO, N_QT'O’ and reactions in the presence of;Nwhich can form (NN)TIN
N30TiO species with the most intense absorption due to the

S ; e ’ 1S complexes?
N“8TiO isotopic counterpart. The natural titanium isotopic The greater strength of the metaixygen bonds as compared

splittings on this mode and the 1.33:1.33:12.33:_1.0Q:1.00 pent_etto the metal-nitrogen bonds in NScO and NTiO is shown not
formed by these features prove that only one titanium atom is oy py the calculated bond lengths and frequencies (Tables 3
present in this species. All of the above data confirm that the 5,4 4) but also by comparison with the diatomic frequencies
molecule giving rise to these features has the stoichiometry ¢ 5.0 (954.8 cmi), ScN (913.0 cm?) and TiO (988.0 cm?),
NTIO. TiN (1032.4 cnrl).1314.18.19 s seen that the MO stretching

As with NScO, BP86 calculations on the NTIiO molecule modes in NScO and NTIO are only 67 21 cnt! below the
predict a bent structure. Frequency calculations on the grounddiatomic oxides whereas the M\ vibrations are 378+ 64
A’ state produce vibrational modes at 936.3 and 761.1'cm  cm~2 lower than the diatomic nitrides.
which are in reasonable agreement with the observed frequen- This contrasts the bent NVO and NCrO molecules, which
cies. Of more importance, the isotope shifts are reproduced tohave more d electrons and can satisfy the nitride requirement.
substantial accuracy (within 1.7, 0.5, 0.3, and 2.6 ¥rby the In these cases the metalitride stretching frequencies dngher
DFT vibrational potential, and the two band intensities are the than the metatoxide modes, and DFT calculations show that
same (within 10%) as predicted, illustrating a very good match the M—N bonds are shorter than the-ND bonds’-
between observed and calculated normal mode descriptions (the Metal Nitrosyl Complexes. Although the mixed nitride
calculations slightly overestimate the mode mixing). Finally, oxide species discussed above appear to be the preferred
the DFT frequency calculations confirm assignment of the above products of the reactions of the excited metal atoms produced
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TABLE 2: Observed Vibrational Frequencies (cnT?) for Matrix-isolated Species Produced by Reactions of Laser-ablated
Titanium Atoms with Nitric Oxide Diluted in Argon

product species NO NGNO 15NO I5NO/SNE0O 15N180
(NNO)(TiO) 2301.9 2229.4 site 2222.8
(NNO)(TiO) 2294.2 2294.2,2271.8, 2246.2, 2223.3 2223.3 2215.3
Ti(NO), 1635.1 1606.7 1563.7
TiNO 1614.7 1586.0 1544.3
Ti(NO), 1600.9 1572.9 1531.5
Ti(NO): 1581.3 1581.3, 1565.4, 1552.9 1552.9 1510.7
OTi(N2)O 1488.5 1488.5, 1479.2, 1456.5 1448.7 1448.7,1435.1 1435.1
OTi(N2)O 1208.8 1208.8, 1195.7,1191.8,1178.8 1178.8 1178.8, 1160.9 1160.9
Ti,[NQO]y 1142.6 1122.4 1095.9
Ti[NO]2 1125.1 1125.1,1113.9, 1104.6 1104.6 1104.6, 1092, 1075.8 1075.0
TiN 1034.1 1034.0, 1007.5 1007.4
TiN 1032.4 1032.5, 1005.8 1005.7 1005.8
TiO* 1014.3 1014.3 1014.3 1014.3,971.2 971.2
TiO* 1012.7 1012.7 1012.7 1012.7, 969.8 969.8
TiO 988.0 988.0 988.0 988.0, 947.5 947.5
OTi(N2)O 977.1 977.1 977.1 977.1,936.4 936.4
(NNO)(TiO) 963.3 963.3 923.2
(NNO)(TiO) 960.6 960.6 960.5, 920.4 920.4
OTiO (v1) 946.8 948.6 946.8 904.5
(N2)(TIOy) (v1) 941.9 941.9 941.9 898.2
OTIiO (v3) 916.8 916.9 916.9 881.7
(N2)(TIO2) (v3) 909.3 909.3 909.3 909.3, 882.3, 874.3 874.3
NTiO 900.6 900.6, 898.2 898.2 898.1, 862.9 862.9
(NTIO)~ 784.3 784.3,782.4 782.4 784.3,782.4, 754.5
754.6 (br)
NTiO 718.2 718.2,701.2 701.2 701.2,699.7 699.7

TABLE 3: Relative Energies (kcal/mol), Geometries, Isotopic Frequencies (cm), Intensities (km/mol) and Isotopic Frequency
Ratios Calculated for SCNO Species Using the BP86 Density Functional

molecule energy geometry 346 (1) 15-16 15-18 R(14-16/15-16) R(15-16/15-18)
Sc[NO] 0.00 SeN=1.814A 885.3 (65) 873.3 855.2 1.01374 1.021 16
A Sc-0=1.840 A 641.3 (31) 630.3 615.8 1.017 45 1.023 55
N-O=1.524 A 490.1 (4) 483.7 471.2 1.01323 1.026 53
Sc[NO] +0.06 Se-N=1.951A 1091.3 (134) 1073.2 1042.8 1.016 87 1.029 15
SA" Sc-0=1.950 A 601.8 (14) 589.7 586.7 1.020 52 1.005 11
N—-O=1.345A 480.8 (5) 477.2 459.5 1.007 54 1.038 52
NScO +8.5 Se-N=2.112A 913.83 (171) 913.73 875.22 1.000 11 1.043 99
SA" Sc—0=1.699 A 458.95 (44) 447.30 447.26 1.026 05 1.000 09
ONScO=112.7 152.4 (26) 150.6 146.8 1.011 95 1.025 89
ScNO +9.8 Sc-N=1.856 A 1543.8 (442) 1513.4 1477.0 1.020 09 1.024 64
SII N-O=1.230A 568.0 (3) 563.5 551.4 1.007 99 1.021 94
linear 280.9 (44) 274.0 270.3 1.025 18 1.013 69
NScO +24.5 Se-N=1.721A 884.9 (176)
D) Sc—0=1.740A 698.5 (7)
linear 90.8 (2x 112)
Sc[NOJ" +150.6 SeeN=1.912 A 1146.9 (90) 1128.2 1096.2 1.016 58 1.029 19
2A" Sc-0=1.923A 612.5 (11) 599.3 596.6 1.022 03 1.004 53
N-O0=1.325A 493.1 (7) 490.0 471.6 1.006 33 1.039 02
ScNO" +151.2 Se-N=1.845A 1641.1 (269) 1609.5 1569.4 1.019 63 1.025 55
1 N-O=1.204 A 583.4 (9) 578.5 566.6 1.008 47 1.036 89
linear 308.7 (77) 301.1 297.0 1.025 24 1.013 47
NScO" +222.0 SeN=2.210A 837.0 (28) 836.7 800.5 1.000 36 1.045 22
2A" Sc-0=1.685A 321.1(13) 312.8 312.7 1.026 53 1.000 32
ONScO=135.8 86.3 (38) 79.5 77.6 1.010 06 1.024 48
ScNO —19.7 Se-N=1.875A 140.6 (420)
doublet N-O=1.254 A 541.7 (8)
linear 264.6 (2x 3)
Sc[NOJ —25.6 Se-N=1.943 A 943.0 (479) 927.2 904.6 1.017 04 1.024 98
doublet Se0=1.958A 475.9 (10) 469.6 455.3 1.01342 1.03141
N-O=1.390 A 188.0 (671) 185.2 182.5 1.01512 1.014 79
NScO -30.4 Se-N=1.939A 783.9 (71) 787.7 750.4 1.001 53 1.043 04
A Sc-0=1775A 446.7 (168) 435.3 435.0 1.026 19 1.000 69
ONScO=117.#4 135.2 (7) 133.8 130.6 1.010 46 1.024 50

by the laser-ablation process with NO, postdeposition aggrega-This behavior is consistent with the growth of other molecular
tion as a result of matrix annealing tends to provide conditions complexes in similar matrix experiment&In the reactions of
favorable to the formation of metal nitrosyl molecular com- Sc with a mixture of“NO/*NO in argon the above absorptions
plexes. Reactions of cold Sc atoms with NO in an argon matrix appear as doublets at 16331601.8 and 1563:31533.6 cnl,

give rise to new absorptions at 1633.2 and 1563.3cfar indicating the presence of a single nitrogen atom in this species.
possible ScNO nitrosyl complexes. These absorptions grow From the large“N/13N isotopic ratios (1.019 54 and 1.019 37)
slightly on annealing and are relatively unaffected by photolysis. and small*é0/*80 ratios (1.024 37 and 1.024 38) compared to
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TABLE 4: Relative Energies (kcal/mol), Geometries,
Isotopic Frequencies (cm?), Intensities (km/mol), and
Isotopic Frequency Ratios Calculated for TINO Species

molecule energy geometry 146 () 15-16 15-18
NTIO 0.0 T-FO=1.661A 936.3(83) 9322 897.4
2 Ti-N=1.715A 761.1(84) 744.4 7403
ONTIO =105.8  246.5 (17) 2431 237.6
TiNO]  4+20.8 Ti-O=1.737A 966.8 (120) 9524 932.1
27! Ti-N=1.781A 708.2(27) 695.7 680.0
N—O=1.467A 512.6(2) 506.6 493.3
TiNO +36.5 Ti-rN=1.713A 1600.3 (678)
25 N—O=1.228A 633.1(0)
linear 344.8 (2x 21)
Ti[NO] +39.4 TiO=1.945A 1166.0(199)
A" Ti-N=1.893A 624.3(17)
N-O=1.320A 442.0(9)
NTIO +51.4 T—O=1.662A 911.3(124)
A" Ti-N=1.930A 541.0 (37)
ONTIO =141.5 130.1 (40)
TiNO]* +186.2 TirO=1.756 A 1038.4 (46)
A Ti—-N=1.700A 736.6 (18)
N-O0=1.398A 521.9(2)
TiINO*  +197.4 TiN=1.805A  1718.0(330)
3¢ N-O=1.191A 577.2(6)
linear 303.6 (2x 26)
NTiO-  —33.6 T-FO=1.735A 901.1 (48) 884.3 871.8
A Ti-N=1.689A 752.6 (935) 746.6 726.4
ONTIO =111.8 291.6 (35) 287.5 281.0

TABLE 5: Relative Energies (kcal/mol), Structures,
Stretching Frequencies (cm?), and Intensities (km/mol)
Calculated for Sc and Ti Plus (NO) Product Species Using
the BP86 Density Functional

energy

frequencies (intensities)
Sc+ (No)z

side, side?A’ 0.0 1240.1(62), 1148.4 (599)

side, endidoublet  +0.4 1642.7 (488), 1076.7 (290)

end, end2A” +5.6 1654.2 (415), 1546.2 (1087)

Ti 4+ (NO)

side, sidelA’ 0.0 1197.2(50), 1144.2 (372)
(NTIO)(NO), triplet ~ +2.1 1784.4 (524), 914.8 (94), 671.4 (52)
end, end3B; +7.0 1631.3 (121), 1549.0 (1870)

end, end!A; 45 1675.6 (201), 1590.0 (1123)

—5.3
—24.6

side, end, singlet
OTi(N2)O, triplet

1632.3 (718), 1149.6 (257)
1713.3 (218), 1174.2 (185), 995.7 (207)

TIONNO, triplet —27.2 1783.6 (302), 1240.8 (375), 1001.6 (222)
OTINNO, singlet ~ —30.3 1393.2 (507), 1142.4 (12), 954.2 (249)
1366.4, 1110.0, 994°8
1332.8, 1101.6, 9538
OTi(N2)O, singlet ~ —47.3 1523.6 (466), 1174.7 (59), 1005.0 (210)

1486.0, 1143.3, 10049
1463.4, 1129.2, 9624
(NN)TiOy, singlet  —112.8 2311.7 (83), 961.2 (25), 912.9 (289)

aSide and end denote side-bond@eNO and end-bondeg-NO,
respectively®Frequencies for (1516), product.c Frequencies for (15
18), product.
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experiments in progress with Sc and €how that the 976.3
cm! band is due to ScOand provide further evidence for
Sct cation as well as Sc atom reactions in these laser ablation
experimentd324 Although the 1633.2 crrit band could be due

to ScNC', its survival on the highest annealing and lack of
enhancement with doped C@ast doubt and suggest grouping
with the 1067.1 cm! band below.

In the Ti+ NO spectra, the region typically associated with
the N—O stretching coordinates of titanium nitrosyl complexes
reveals more bands than the analogous spectral region in the
Sc + NO spectra. The high density of features in this range
makes unambiguous assignment of these bands difficult;
however, bands that can be assigned with confidence to titanium
nitrosyl complexes occur at 1635.1, 1614.7, and 1581.3'cm
The new product bands can be separated from previously
observed absorptions on the basis of their individual photolytic
and annealing behaviors in the pure isotopic experiments, but
in the mixed isotope experiments, it is difficult to identify all
of the components of a given bandset with ultimate confidence.
Fortunately, the BP86 calculations provide additional informa-
tion to aid in band assignment. Our DFT calculations predict
the N-O fundamental of théX of the linear mononitrosyl
complex (TiNO) at 1600.2 cni, again in agreement with
previous work®’ indicating that all of the above absorptions
occur in the proper frequency region to be due to a nitrosyl
complex of titanium.

In the “NO/SNO experiments, the band at 1614.7 ¢nis
the only feature that is obviously a doublet (16141686.0
cm™Y); therefore, it is assigned to the TINO complex. THs/
15N isotope ratio for this feature (1.018 09) is somewhat higher
than the associated ratio in the NO molecNQ/ANO =
1.017 95) which is consistent with an N-boungt-nitrosyl
complex. Further support for this assignment comes from the
loss of O atom participation in this vibratiorlQ/80 =
1.027 00) relative to that in the free NO moleculféN0/
I5N180 = 1.027 72) and the appearance of a doublet of bands
due to this species in tHENO/5N80 experiments (1586-0
1544.3 cm?), providing proof that this is a single nitrosyl
species. The density functional calculations indicate that the end-
bound TiINO molecule is the highest energy structure having
this stoichiometry, with the above-mentior@ielectronic state
lying 15.7 kcal/mol above th#A’, 2-bound complex, which is
unobserved in these experiments, and 36.5 kcal/mol above the
NTIiO insertion product.

NTiO ~. One of the more interesting findings of the present
study is that Sc and Ti metals form stable insertion products
with NO even though none of these metal centers contain
enough valence electrons to support both a true nitride and a
true oxide bond. The effects of the electron deficiency in these

NO (1.017 95 for 14/15 and 1.027 72 for 16/18) it is evident products are evidenced by the low vibrational frequency for
that these bands are produced by a nitrogen motion that isthe primarily M—N stretching modes for these species. This
somewhat antisymmetric in character, consistent with th®N  frequency drop indicates a significant loss of electron density
stretching vibration of an SeN—O type of species. These iy the M—N bonding orbitalsversusthat in the ScN and TiN
modes appear as doublets in thedSENO/*N'®0 experiment,  mononitrides. In the case of titanium, the addition of a single
confirming the participation of a single oxygen atom in this electron to the NTiO species produces an anion that is
vibration and providing further evidence that these bands are isoelectronic with OTiO, a molecule that has been thoroughly
due to the ScNO subunit. studied and is well-known to be exceptionally stat§éIn the

DFT calculations at the BP86 level of theory indicate that laser-ablation experiment, apart from atomic species, electrons

the ScNO complex has a linear structure witlfTa ground
electronic state and that ScNMas a lineafIT ground state,
in agreement with other workef&27 Vibrational calculations

are also ablated and can be captured by species such as NTiO
to form stable anions in the argon matrix. This process has been
well documented in previous laser-ablation experiments, and

on these species predict the most intense vibrational modes tahe fact that the cis and trans (NO)anions are formed under

occur at 1543.8 and 1641.1 ci respectively (Table 3). The

the present experimental conditions is further support for the

1563.3 cn! band is assigned accordingly to ScNO. New production of electrons during the ablation proc®ss.
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In the spectrum of the reactions of Ti with natural abundance
NO, the medium intensity band at 784.3 chean be associated
with the molecular anion (NTiO) This mode is primarily a
Ti—O stretching mode, which shows slight coupling to nitrogen;
this mode shifts to 782.5 cm when the nitric oxide precursor
is labeled with!®>N, and undergoes a further 27.9 chshift to
754.6 cnTlin the Ti+ 15N80 experiments. In the reactions of
titanium with a mixture of all possible NO isotopomers, this
feature splits into an asymmetric quartet of bands: 784.3
782.5-754.6 (br), in which the lowest frequency feature is an

Kushto et al.

(5)

deposition process. In addition, with GQ@iresent, the Sc[NQO]
absorptiorincreases factor of 3 on photolysis, which decreases
Sc[NO] and produces NScO. The same photolysis behavior has
been found in this laborato#y for OSc[CO], OScCO, and
OScCO. This dramatic increase in Sc[NODbn photolysis is
probably due to sequential two photon ionization involving an
intermediate state. In this regard, the 976.3 &rand in Sc
experiments is also enhanced on doping with £&hd its

Sc" + NO — Sc[NOJ"

maximum intensity in the spectrum collected directly following

species, calculated 22 ctabove ScN, could not be observed

deposition and decrease slightly on annealing. Upon photolysis, here.

this feature is decreased (Figure 4) or destroyed@ experi-

ments), a behavior consistent with charged species in matrix

experimentg? This extreme photosensitivity, in conjunction with

M =+ (NO),. Upon annealing, the marked growth of the bands
at 1863.2 and 1776.1 crhat the expense of the strong band at
1871.7 cntt in the M + 1N160O experiments is indicative of

the obvious isotope splittings, provides reasonable evidence thatdimerization of the NO molecule. As the matrix is annealed

this feature may be due to the NTiGnion. The neon matrix
counterpart is blue shifted to 790.9 chfor this possible closed-

and nitric oxide dimerizes, the importance of monomer chem-
istry begins to decline because of the shrinking population of

shell anion, even less than found for the open-shell neutral NTiO \5'in the system. At the same time, the chemistry of (Ni©)

molecule.

Density functional calculations on the NTiGpecies predict
a A’ electronic ground state, which is analogous to the
electronic structure of the OTIO molecule (see Table 4).
Vibrational frequency calculations at this level of theory indicate
that only one mode, at 752.6 ci gives rise to an absorption
that is of significant enough infrared intensity to be observed.

expected to become much more prevalent and the reaction
products of (NOywith the diffusing transition metal atoms must
be considered. In the experiments with Ti several bands appear
on matrix annealing and can be associated with metal reactions
with (NO);.

The band growing in on annealing at 1581.3@érwith Ti
and NO shifts to 1552.9 witFPNO (ratio 1.018 29) and exhibits

This mode is in reasonable agreement with the observed band, ipjet absorption with the isotopic mixture. This denotes the
at 784.3 cm™. The vibrational mechanics of the experimentally \ipration of two equivalent NO subgroups. The 1552.9-&m

observed feature indicate that it is a primarily TiO stretching
mode, which is also borne out by the calculations; however,
the mode mixing produced by the DFT vibrational force field
is slightly more than is observed; i.e., tH&l shift in this mode

is predicted to be approximately 6 cfywhile the experimen-
tally observed shift is only about 1.8 cth Although small,

this type of discrepancy in isotope shift magnitude and mixing di
can often be caused by the inability of the single reference DFT

method used here to correctly model the complicated, multi-
configurational nature of the wave function of the molecule in

question. Regardless, the results of the calculation provide

support for the present assignment to NTiO

band shifts to 1510.7 cm with 15N180 (ratio 1.027 93), which

is appropriate for a nitrosyl vibration, and the product is thus
identified as Ti-('-NO),. Calculations at the DFT level predict
an extremely strong antisymmetricND stretching mode at
1590.0 cm? for this dinitrosyl complex.

A weak 1125.1 cm! band appeared on first annealing,
minished on photolysis, and increased even more on final
annealing. This band shifted witfNO (ratio 1.018 56) and
15N180 (ratio 1.026 21) and gave triplets with both isotopic
mixtures, which indicate two equivalent NO subunits. The side,
side-bound dimer T (2-NO); is calculated by DFT to strongly
absorb at 1144.2 cm, and the 1125.1 cnt band is assigned

Another isoelectronic molecule, NVO, has been observed and gccordingly.

the lower V-0 stretching mode (906.4 ¢ is stronger than

the higher \-N vibration (998.1 cm?).” Furthermore, the same
type of DFT calculations predict alA’' ground state with a
stronger, lower frequency VO stretching mode for NVO,

similar to that observed and calculated here for the N'Ta@ion.

Sc[NOJ*. The weak 1117.0 cri band decreases on anneal-
ing and on photolysis and is substantially enhanced by, CCl
doping. This band shifts to 1100.2 ciwith 1°NO and gives
a doublet with the isotopic mixture. In addition, the band is
displaced to 1069.8 wittPN80 and yields a doublet using the
isotopic mixture. Clearly one NO subunit is involved in this
vibrational mode. Examination of Table 3 finds a possible match
for Sc[NOJ" with calculated strong absorption at 1146.9¢ém
14/15 isotopic ratio 1.016 58, and 16/18 isotopic ratio 1.029 19.
The isotopic ratios observed for the 1117.0¢rband, 1.015 27

The bands at 1488.5, 1208.8, and 977.1 ifTable 2) all
share similar annealing and photolysis behavior and can
therefore be associated with vibrations of the same molecular
species. These bands are very weak or unobserved on deposition
but grow in markedly on warming the matrix, reaching their
maximum intensity upon the highest temperature annealings.
In addition, the species giving rise to these bands also shows
significant photosensitivity as indicated by the disappearance
of all three bands on broad-band photolysis. Such drastic
photolytic behavior makes assigning these three bands to the
same species straightforward. In addition, similar absorptions
have been observed in experiments with Zr andfHh the
reactions with d*N'60/*5N160O mixture, the highest and middle
frequency bands of each set split into a quartet (Table 2),
indicating that both of these vibrations arise from the motions

and 1.028 42, are in very good agreement with the calculatedof two symmetry inequivalent nitrogen atoms. The relatively

values and support this identification of Sc[NQJthe most
stable cation isome#.

The Sc[NO} cation is probably made by direct reaction 5
during sample deposition with Scfrom the laser ablation
procesg® The role of CCJ in the doped experiment is to capture
electrons and allow both Scand Sc[NOT to survive the

large “N/1®N isotope ratios exhibited by these modes also
indicate that these are primarily-\N stretching coordinates
(1488.8/1448.F 1.027 47 and 1208.8/1178-81.025 45). In
addition to the large nitrogen isotopic shift, there is a distinct
oxygen isotopic dependence, as evidenced by the doublet
structure in the mixeéPN160/5N180 experiments. These isotope
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splittings provide evidence for a molecular subunit of the  The agreement between observed and calculated frequencies
stoichiometry NNO. It is also interesting to note that since the using the BP86 functional for these small Sc- and Ti-containing
frequencies of these bands are relatively invariant among thespecies is remarkable. This agreement is not only in position
Ti, Zr, and Hf experiments, it is reasonable to believe that the of the calculated frequencies (scale factors: NScO 0.995, 1.026;
chromophore giving rise to these absorptions is relatively robust, SC[NO] 0.978, 1.004; NTiO 0.962, 0.944; which are in the range
which is consistent with a coordinated nitrous oxide molecule. of literature value®) but also in the normal vibrational modes
DFT calculations of isotopic frequencies (Table 5) provide a as measured by isotopic frequency ratios and shifts and by

very good match for these unique observed isotopic ratios andrelative band intensities.

show that this Ti+ (NO), reaction product is OTi()O.

The bands at 2294.2, 960.6, and 909.3 tprovide evidence
for other Ti+ (NO); reaction products. The 2294.2 ciband
has characteristic JO isotope shifts and suggests an (NNO)-
(TiO) complex, and the 960.6 crhband exhibits the diatomic
TiO shift and is appropriate for this mode in the latter complex.
The 909.3 cm? band gives the TiQoxygen-18 shift and the
1/2/1 triplet mixed isotopic pattern for two equivalent oxygen
atoms. Therefore, the most stable;((NYiO;) complex is
proposed, in agreement with earlier reactions of Ti, &nd
N,.31 The formation of TiQ in these experiments suggests the
possible use of titanium for the removal of NO from auto
exhausts.

The 1633.2 and 1067.1 crhbands in Se- NO experiments
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